.
Generality and Specificity Expectedly, the majority of affected genes encode proWe validated the microarray results with two traditional teins involved in mechanisms of signaling, transport, methods. In situ hybridization using a PSD-95-specific transcription, ion channels and receptors, neural transprobe reveals significant downregulation of PSD-95 in mission, and cytoskeleton ( Figure 1C) , VMAT2 ϩ/Ϫ , and chronic respectively ( Figure 1D ). Twenty-six transcripts are alcocaine-treated mice, respectively ( Figure 2C ). tered in all three knockouts, six of which are also simiWe then examined PSD-95 protein using Western blot larly altered in chronically cocaine treated mice, acanalysis. As shown in Figures 2D and 2F Figure 2D ). Despite functional differences, cAMP-dependent pathways and NO signaling to reward, both structures receive extensive, converging dopamine addiction, and behavioral sensitization has been docuinnervation from midbrain dopaminergic projections and mented previously (summarized in plasma membrane protein), and NF-H (neurofilament tein levels were also significantly decreased specifically in the striatum, but not in the cortex and hippocampus, heavy chain subunit, an axonal marker) did not differ of cocaine-treated animals ( Figure 4A ). between wild-type controls and any of the "genetically"
We next determined the number of cocaine injections or pharmacologically sensitized mice ( Figure 3A) , sugneeded to establish the sustained decline in PSD-95. gesting that the presynaptic structures are largely intact Mice were given increasing number of cocaine injections in the striatum of these mice. Similarly, postsynaptic and were analyzed for PSD-95 levels 14 days after the proteins, represented by three PSD-95 homologs in last injection. One or two injections of cocaine at 20 mg/ the MAGUK family that includes chapsyn-110/PSD-93, kg/day did not induce noticeable changes in PSD-95 SAP97, and SAP102 (Garner and Kindler, 1996) did not proteins ( Figure 4B ). In contrast, mice receiving three show discernable differences. Another postsynaptic or more injections exhibited substantial decreases in protein, MAP-2 (microtubule-associated protein-2, a PSD-95 protein levels compared to saline-treated condendritic marker) did not differ in the genetically moditrols. Interestingly, ten consecutive cocaine injections fied mice, but exhibited a nearly 2-fold increase in mice did not suppress PSD-95 protein levels more than fewer chronically treated with cocaine. This cocaine-induced treatments ( Figure 4B ). Considering that mice receiving increase in a dendritic structural protein is consistent three or more cocaine injections developed sustained with the increased spine densities and sizes following enhancement of responsiveness to cocaine (data not repeated cocaine administration (Robinson and Kolb, shown), these data suggest that striatal PSD-95 alter-1999). Consequently, the spines in the drug-treated ations might be correlated with the behavioral plasticity group may be inevitably less enriched in PSD-95, which elicited by chronic, but not acute, cocaine adminisis expected to favor the formation of silent synapses tration. (Stein et al., 2003) . Together, our data suggest a selecOne key characteristic of behavioral plasticity associtive decrease of a specific scaffolding protein, rather ated with repeated psychostimulant administration is its than a global loss of synapses, in the striatum of several extremely long-lived nature. While considerable efforts behaviorally sensitized mouse strains.
have been made to identify the molecular mechanisms that contribute to the persistent neural and behavioral Effects of Chronic Cocaine on PSD-95: Spatial plasticity, specific changes identified so far are not suffiand Temporal Characteristics ciently long lasting to account for the nearly permanent In addition to the striatum, the cortex and hippocampus behavioral modification (Nestler, 2001 ). We thus exare also key components of the reward circuits and are plored the candidacy of PSD-95 downregulation as a involved in drug-dependent behavioral plasticity (Berke mechanism underlying this phenomenon. Striatal PSDand Hyman, 2000; Wise, 2002). We asked whether co-95 levels were measured at different time of withdrawal caine elicits PSD-95 dysregulation in these regions.
following the standard 5 day sensitization paradigm in PSD-95 transcripts were selectively decreased in the wild-type mice. The PSD-95 protein levels were signifistriatum of chronic cocaine-treated mice, including the cantly lower the next day (53% Ϯ 6%, p Ͻ 0.01) following nucleus accumbens and the caudate putamen, but were the last injection and continued to be significantly lower statistically unchanged in the cortex and hippocampus than saline-treated controls at 10-14 days and 28-35 days after the last cocaine dose ( Figure 4C ). Remark- ( 
Role of PSD-95 in Responsiveness to Psychostimulants and Drug-Dependent Behavioral Plasticity
We extended our molecular and electrophysiological studies to behavioral and pharmacological analysis of PSD-95-GK mice to investigate whether and how PSD-95 regulates the acute and chronic responsiveness to cocaine. In open field locomotor activity assays, unchallenged PSD-95-GK were hypoactive, displaying significantly lower horizontal ( Figure 7A ) and vertical (data not shown) activities and stereotypy ( Figure 7B ) than wildtype littermates. However, acute administration of cocaine elicited a significantly higher behavioral response in PSD-95-GK mice than the wild-type littermates at all doses tested (Figures 7C and 7D) . The mutant mice exhibited a significantly higher locomotor activation, as measured by horizontal activity in response to 5 and 10 mg/kg cocaine than did wild-type littermates ( Figure  7C ). Cocaine at 20 mg/kg induced a horizontal activity that was similar to that of the wild-type response. How- supersensitive to cocaine, indicating that selective reduction of PSD-95 levels at glutamatergic synapses is sufficient to confer the enhanced stimulating action of that the genetic models may not completely recapitulate the synaptic alterations caused by repeated cocaine adcocaine, mediated predominantly by monoamine systems. To explore the role of the glutamatergic PSD-95 in ministration.
To further explore whether the enhanced LTP is due behavioral sensitization, we examined the locomotor responses before and after a standard sensitization regito a reduction in PSD-95 levels, we studied the PPF and LTP in this cortical pathway in a genetically engineered men that consists of five consecutive daily cocaine administration ( Figure 8A ). As shown in Figure 8 Figures 8B and 8C) . more amenable to the comparison of multiple samples Thus, while supersensitive to the acute stimulating efwith identical or different phenotypes. In such studies fect of cocaine, PSD-95-GK mice showed no evidence with mouse CNS tissue, it would seem that starting with for further sensitization under this sensitization routine. a homogeneous genetic background and multiple repliThe requirement of PSD-95 for the full expression of cates would be essential to assure quality and reliability behavioral sensitization suggests that intact PSD-95-of the microarray data. In this study, all mice used for mediated mechanisms at glutamatergic synapses are microarray analysis were C57BL/6J congenic mice and an integral component of drug-dependent, monoamineall experiments were repeated three times using indemediated behavioral plasticity. pendent samples. In addition, indirect validation of the observations presented here came from the fact that numerous genes previously implicated in psychostimuDiscussion lant-induced striatal neuroadaptations are contained in our data set (see Supplemental Tables S1-S4 at were prepared using a vibrotome and stored in ACSF at room temAge-matched (3-5 month) C57BL/6J mice were used as controls to perature. Following recovery for at least 1 hr, slices were transferred these three mutant strains. Detailed description of the generation to a recording chamber filled with constantly perfused (1.5-2 ml/ of PSD-95-GK mutant mice will be reported elsewhere (M. 
